Triplex-forming oligonucleotide (TFO) is able to hybridize with a double-stranded DNA (dsDNA) target in a sequencespecific manner to form a triplex DNA, and it has attracted great interest because of its applications to gene therapy and diagnosis. [2] [3] [4] There are two fashions in triplex formation. One is a parallel motif triplex, where a TFO consisting of a homopyrimidine sequence hybridizes with a dsDNA target in parallel with a purine strand of the target duplex via Hoogsteen hydrogen bond. The other is an antiparallel motif triplex, in which the TFO and the purine strand of the duplex are in an antiparallel orientation. In both triplex motifs, the TFOs are able to hybridize only with a homopurine-homopyrimidine tract in the dsDNA target. This is a severe limitation of the practical use of TFOs. To overcome this problem, extensive research on nucleic acid analogues has so far been carried out. [5] [6] [7] [8] We have focused on the parallel type triplex, and synthesized 2Ј-O,4Ј-C-methylene-bridged nucleic acid (2Ј, [9] [10] [11] [12] [13] /locked nucleic acid (LNA) 14) ) bearing unnatural nucleobases to recognize pyrimidine-purine interruption in the target dsDNA. [15] [16] [17] [18] [19] Recently, it was found that the 2Ј,4Ј-BNA bearing oxazole 15, 16) : Fig. 1 ) and triplex-forming ability of the oligonucleotide derivatives are described.
Triplex-forming oligonucleotide (TFO) is able to hybridize with a double-stranded DNA (dsDNA) target in a sequencespecific manner to form a triplex DNA, and it has attracted great interest because of its applications to gene therapy and diagnosis. [2] [3] [4] There are two fashions in triplex formation. One is a parallel motif triplex, where a TFO consisting of a homopyrimidine sequence hybridizes with a dsDNA target in parallel with a purine strand of the target duplex via Hoogsteen hydrogen bond. The other is an antiparallel motif triplex, in which the TFO and the purine strand of the duplex are in an antiparallel orientation. In both triplex motifs, the TFOs are able to hybridize only with a homopurine-homopyrimidine tract in the dsDNA target. This is a severe limitation of the practical use of TFOs. To overcome this problem, extensive research on nucleic acid analogues has so far been carried out. [5] [6] [7] [8] We have focused on the parallel type triplex, and synthesized 2Ј-O,4Ј-C-methylene-bridged nucleic acid (2Ј,4Ј-BNA 5, [9] [10] [11] [12] [13] /locked nucleic acid (LNA) 14) ) bearing unnatural nucleobases to recognize pyrimidine-purine interruption in the target dsDNA. [15] [16] [17] [18] [19] Recently, it was found that the 2Ј,4Ј-BNA bearing oxazole 15, 16) (O   B : Fig. 1 ) or 2-pyridone [17] [18] [19] as a nucleobase effectively recognized a CG interruption in homopurine-homopyrimidine dsDNA. Here, we have selected imidazoles as unnatural nucleobases for recognition of pyrimidine-purine interruption. Synthesis of the 2Ј,4Ј-BNA monomers bearing imidazoles (I B and aI B : Fig. 1 ) and triplex-forming ability of the oligonucleotide derivatives are described.
Results and Discussion
Synthesis of 2,4-BNA Monomers and Their TFO Derivatives As shown in Chart 1, 2Ј,4Ј-BNA amidite units bearing imidazole and 2-aminoimidazole were synthesized by using 1 20) as the starting material. Coupling reaction of 1 with 2-nitroimidazoles gave 2b, whereas the reaction of unsubstituted imidazole gave the desired compound 2a along with an imidazolium salt 2a. 21) Next, 2a and 2b were reacted with K 2 CO 3 in MeOH to give 3a and 3b. Reduction of 3a and 3b smoothly proceeded to afford 2Ј,4Ј-BNA monomers 4a and 4b, respectively. Protection of an amino group in 4b gave the corresponding N,N-dimethylformamidine derivative 4b. The 5Ј-hydroxy groups of 4a and 4b were then protected with a dimethoxytrityl (DMTr) group to afford 5a and 5b, respectively. The preparation of phosphoramidites 6a and 6b was carried out by phosphitilation of 5a and 5b, respectively. Incorporation of the obtained amidites 6a and 6b into oligonucleotides was successfully achieved by using a standard phosphoramidite method on an automated DNA synthesizer. After purification by reverse-phase HPLC, composition of the oligonucleotides was confirmed by MALDI-TOF-MS. The sequences of the TFOs used in this study are shown in Fig. 2 .
Synthesis and
UV Melting Experiments Triplex-forming ability of the TFOs 7-13 was evaluated by UV melting experiments under neutral pH conditions (7 mM sodium phosphate buffer (pH 7.0) containing 140 mM KCl and 10 mM MgCl 2 ). The results are summarized in Table 1 . The TFO 7 containing I B showed low affinity with the dsDNA containing CG interruption (T m ϭ21°C), while O B in TFO 9 successfully recognized the CG interruption (T m ϭ29°C). 15) This reflects the significant importance of an oxygen atom in the oxazole moiety of O B for recognition of a CG base pair. One possibility is that the oxygen atom directly makes a hydrogen bond with the 4-amino group of C (Fig. 3) , though we previously proposed the interaction between the nitrogen atom of the oxazole and the 4-amino group of C. 15) Although no appropriate hydrogen bonding scheme between the TA base pair and an oxazole or imidazole moiety can be proposed, both I B and O B showed moderate affinity with a TA base pair. The T m values of the triplexes having I B · TA and O B · TA triads were 25°C and 27°C, respectively, while that of the triplex containing G · TA triad was 27°C. 22) This moderate affinity of I B and O B with the TA base pair might involve shape recognition of the TA base pair by five-membered heteroaromatics. Introduction of a 2-amino group into the imidazole ring of I B decreased the affinity with the TA base pair (T m ϭ19°C), while the triplex containing aI B · GC triad was found to be stable (T m ϭ33°C). It was supposed that the 2-amino group of aI B interacted with the 6-carbonyl oxygen of G, while the interaction between the 2-amino group of aI B and the 4-carbonyl oxygen of T was obstructed by steric hindrance of the 5-methyl group of T (Fig. 3 ).
In conclusion, we have synthesized 2Ј,4Ј-BNA monomers bearing imidazole and 2-aminoimidazole as an unnatural nucleobase. UV melting experiments of the corresponding oligonucleotide derivatives revealed that the 2Ј,4Ј-BNA with unsubstituted imidazole (I B ) had only low affinity with CG interruption in the homopurine · homopyrimidine dsDNA target, while O B , which has an oxazole moiety as a nucleobase, successfully interacted with the CG interruption. 15) This result suggests importance of the oxygen atom in O B for recognition of the CG interrption. On the other hand, I
B showed moderate binding affinity with TA interruption, and the other 2Ј,4Ј-BNA analogue aI B , which has a 2-aminoimidazole moiety, formed a relatively stable aI B · GC triad. These results would be useful for further development of highly effective TFOs.
Experimental
General All melting points were measured on a Yanagimoto micro melting points apparatus and are uncorrected. Optical rotations were recorded on a JASCO DIP-370 instrument. IR spectra were recorded on a JASCO FT/IR-200 spectrometer.
1 H-NMR spectra were recorded on a JEOL EX-270 (270 MHz) and 31 P-NMR spectrum was recorded on a Varian VXR-200 ( 31 P, 81.0 MHz). Mass spectra of nucleoside analogues were recorded on a JEOL JMS-600 or JMS-700 mass spectrometer. For column chromatography, Fuji Silysia BW-300 (200-400 mesh) and BW-127ZH (100-270 mesh) were used. MALDI-TOF-Mass spectra were recorded on an Applied Biosystems Voeyger
Under a N 2 atmosphere, 1-trimethylsilylimidazole (0.73 ml, 5.00 mmol) and trimethylsilyl trifluoromethanesulfonate (1.00 ml, 5.53 mmol) were added to a solution of 1 20) (1.00 g, 1.67 mmol) in anhydrous 1,2-dichloroethane (20 ml) at room temperature and the mixture was stirred at room temperature for 24 h. After addition of a saturated aqueous NaHCO 3 2-nitroimidazole (2b) Under a N 2 atmosphere, 2-nitroimidazole (277 mg, 2.45 mmol) and N,O-bis(trimethylsilyl)acetamide (0.71 ml, 2.87 mmol) were added to a solution of 1 (1.22 g, 2.04 mmol) in anhydrous 1,2-dichloroethane (20 ml) at room temperature and the mixture was refluxed for 1 h. After the mixture cooled, trimethylsilyl trifluoromethanesulfonate (0.15 ml, 0.83 mmol) was added to the mixture and the mixture was refluxed for 5 h. After addition of a saturated aqueous NaHCO 3 , the mixture was extracted with AcOEt. Usual work-up and purification by flash column chromatography [n-hexane/AcOEt (12/5)] afforded 2b (1.24 g, 93%) 
Synthesis and Purification of TFOs
The modified oligonucleotides were synthesized on a 0.2 mmol scale on a Pharmacia Gene Assembler ® Plus or on an Applied Biosystems Expedite 8909 according to the standard phosphoramidite protocol. The oligonucleotide supported on CPG, which retains a 5Ј-terminal DMTr group, was treated with concentrated ammonium hydroxide at 60°C for 18 h, and the solvents were concentrated. After purification through NENSORB TM PREP, the oligonucleotide was purified by reverse-phase HPLC (ChemcoPak T m Measurements UV melting experiments were carried out on a Beckmann DU-650 spectrophotometer equipped with T m analysis accessory. The UV melting profiles were recorded in 7 mM sodium phosphate buffer (pH 7.0) containing 140 mM KCl and 10 mM MgCl 2 at a scan rate of 0.5°C/min at 260 nm. The final concentration of each oligonucleotide was 1.5 mM. The T m value was designated as the maximum of the first derivative calculated from the UV melting profile.
